Introduction
It has for some time been a matter of observation that Monterey pine trees growing at Carmel, California, show a notable increase in diameter in the late fall or early winter months, apparently preceding the beginning of new spring growth. MAcDOUGAL writes of one pine tree, for example, in which growth had ceased in August, as showing in late November and again in December "slight impulses of enlargement which are characteristic of the species in this region" (10, p. 10). MiAcDOUGAL (7, pp. Records of such phenomena have been obtained by means of the dendrograph, an instrument devised by MAcDOUGAL in 1918 (7, pp. 10-15) . This instrument may be described briefly as consisting of a rigid frame constructed of material with a low coefficient of expansion, suitably supported about a tree, and carrying two contact rods, one fixed and the other~~~~~~~~~~~~~~~F movable. The movable rod actuates a pen lever, by means of which a continuous record of changes in diameter is made on a ruled sheet borne on a revolving cylinder. The general appearance of such an instrument is illustrated in figure 1 . The direction of movement on the record sheet is at right angles to that of the movement between contact points.
The dendrographic records show that ordinarily, in clear weather, trees shrink during the day and swell at night. A week's graph, therefore, appears as a sinuous line. When growth is taking place, each successive nocturnal maximum is higher on the record sheet than the preceding one. A record of this type can be regarded as a normal graph for a growing tree. An example of this kind of graph is reproduced in figure 2. Observations and discussion SEASONAL VARIATIONS The dendrographic records upon which this paper is based were made at Carmel, a short distance from Monterey, in Monterey County, California, and in the canyon of Rocky Creek, about 17 miles (27 km.) south of Carmel. Carmel is situated on a slight bay open to the Pacific Ocean. The trees under observation are about half a mile (1 km.) from the beach, located partly on top of an old fixed dune, partly on the northeast slope of this dune, and partly at its foot. The soil is markedly sandy. The trees at Rocky Creek are for the most part about a mile (1.5 km.) from the ocean, in a relatively narrow canyon. Here the soil is mainly residual, from granitic rock.1
In general, the climate of this region (which lies at about 360 N) is marked by a winter rainy season and a summer dry season. The latter can be expected to begin in May or June. It commonly lasts through August or September and may extend later, although not always absolutely without measurable precipitation for the entire period. The annual precipitation, on the basis of 21 years' records, varies from 9 to 27 inches (24-69 cm.), averaging 17 inches (43 cm.).
In the season of least precipitation, ocean fogs frequently cover the region, and as a result temperatures tend to be lower than in places farther inland. The combination of high atmospheric humidity and low temperatures greatly reduces the evaporating power of the air for much of the summer period. Frosts occur occasionally, both at Carmel and in Rocky Creek canyon, but for the most part the winters are relatively mild. On the whole the climate is comparatively equable, the extreme temperatures recorded in an instrument shelter on the fixed dune at Carmel ranging 1 For detailed descriptions of the ecological features of this region see SHREVE (13. 14) . A detailed examination of the dendrographic records shows that an appreciable amount of shrinkage regularly occurs during the autumn prior to the fall or winter swelling which has been noted. This of course is especially marked in years when unusually long dry periods occur. Examples of such notably long dry periods in summer and autumn are afforded by the years 1926, 1929, and 1930. The records of several trees on the dune at Carmel show more or less continuous shrinkages during these essentially rainless periods. Typically these decreases in diameter begin in the latter part of the dry period; and with the advent of rain, diametral increases commonly occur.
These conditions are illustrated -in figures 3 and 4. Figure 3 shows the kind of graph produced in September when a pine tree was shrinking. In figure 4 the effects are shown of a 0.9-inch rainfall occurring on the 26th and 27th of the month. It will be observed that the tree increased appreciably and rather steadily in diameter during this 2-day period, but again showed pronounced diurnal fluctuations on succeeding days.
Exceptions to this general program occur, which are apparently to be correlated with differences in soil moisture supply. For instance, one vigorous tree, situated in a swampy location at the base of the hill, did not begin to contract in 1929 until mid-November; whereas contraction in those on the dune in general had commenced at least a month earlier.
There also occur individual differences among the trees on the dune, one tree continuing to grow, for example, after others have begun to shrink. These divergencies can be ascribed partly to differences in root development of the several trees. In addition there appear to be pockets of moister soil here and there on the dune, where conditions for tree growth are more favorable than elsewhere. An irregular layer of hardpan formed of cemented sand is found at a depth of about 1 meter below the top of the soil. The upper surface of this hardpan is very irregular, and it seems likely that over a moderately extensive area there may be developed basins in which the moisture supply is considerably more abundant than at other, near-by, places. Trees which happen to start their growth over such pockets will be better able to continue growth during dry weather than those not so situated.
The records for the redwoods are less complete than are those for the pines, generally having been discontinued in the fall and resumed the following spring. Nevertheless the same general sort of seasonal shrinkage is shown. For example, in 1926 one tree, situated on a slope with southerly exposure, shrank appreciably in September and October. Another, on a north slope where moisture conditions were presumably more favorable, did not exhibit marked shrinkage until the latter part of October.
During the winter of 1930-1931, most of the dendrographs on redwoods were kept in operation throughout the season, just as were those on the pines. In this season, trees on both north and south slopes showed definite shrinkages in October, November, and December, followed by swelling early in January.
Evidently we are dealing with a drying out and a subsequent rehydration of the tree tissues. Directly after the beginning of a dry season, there will still be a certain amount of soil water available to the trees. Gradually, however, this supply becomes exhausted. In the summer or early autumn, the soil moisture content at a depth of 15-30 cm. may fall as low as 3 or 4 per cent. (on the dry weight basis) on the dune at Carmel. With the advent of rain, soil moisture again becomes available and the trees are enabled to make up the losses suffered during the dry period. It seems likely that the first diametral increases occurring after a dry period are not to be ascribed to the consequences of actual cell division, but simply to swelling of the partially dried tissues.
It should be pointed out that this seasonal shrinkage is not the same as absence of growth, but a decrease in diameter just as definite as the increases occurring during periods of cell division.
The essential identity of seasonal and diurnal variations in diameter will be shown in the succeeding section.
CONDITIONS AFFECTING SHRINKAGE AND REHYDRATION Speaking of daily reversible variations, MAcDOUGAL has mentioned the fact that "contraction or shrinkage is an invariable attendant of lessened water-balance due to an excess of transpiration over water supplied " (9, p. 3). It seems obvious that seasonal shrinkage is to be explained in a similar way. Progressive shrinkage occurs when the soil is so dry that it cannot supply enough moisture to the tree to make up for the transpirational losses.
EVAPORATING POWER OF THE MR.-It is to be supposed that when the evaporating power of the air is reduced, water is absorbed and a certain amount of swelling ensues. The assumption is justified by the fact that nightly diametral increases occur during a period of progressive shrinkage, the tree, however, suffering a net loss in diameter from night to night. If, therefore, the period during which the evaporating power of the air were low could be extended, it would seem that the progressive shrinkage could be checked or reversed. While it is not practicable to lengthen the period of darkness experimentally for a large tree, yet cloudy or foggy days do afford conditions under which the transpirational losses are somewhat reduced.
On one prevailingly cloudy day in May, several of the trees under observation shrank to a markedly less extent than they had been doing for some time past. Moreover, although shrinkage (or a static condition) had been evident for the past few nights, on this night definite increases occurred.
The question might be raised, whether the shrinkage and swelling which have been observed are due simply to drying of the thin layers of bark under the contact points of the dendrograph, and reabsorption of water from the moist air or from free water upon the bark itself. A number of observations and experiments have served to throw light on this question.
During a notably foggy night in April, several of the pines showed pronounced diametral increases as compared with the preceding night, although there had been progressive shrinkage for some time preceding. A conspicuous exception to this general performance was afforded by a small pine tree 1 cm. in diameter, in which shrinkage very definitely continued during this night. Presumably this is to be explained by considering that the roots of this small tree are not well enough developed to enable it to take in sufficient water for diametral increases, even when the evaporating power of the air is somewhat reduced. The contacts of the instrument on this tree are outside of the bark. The redwoods and the pines at the base of the dune, with ample water supplies, had been showing diametral increases prior to this foggy night, and the increased atmospheric humidity had no apparent effect upon their daily program. It has been customary, in setting up the dendrographs on pines and redwoods, to seat the contact points on an area in which the bark has been thinned down to a thickness of about 2 mm. outside the cambium layer (MAcDouGAL, 7, pp. 20-21). If this layer of bark were to swell appreciably when it became moist, the dendrographic records would obviously show an increase due to this cause; and duplicate instruments with contacts on different thicknesses of bark ought to show differences in amount of such increase. There was accordingly attached to a Monterey pine tree, carrying a dendrograph with the contacts on thin layers of bark, a second instrument with the contacts on the outside of the 1.5-cm. bark, which was operated for seven weeks during January and February. While the graphs from the two instruments are not absolutely identical, week for week, yet their agreement is remarkably close. If water is absorbed to an appreciable extent from the outside, then the instrument with contacts seated on the thicker bark would be expected to record greater fluctuations with alternating periods of moist and dry air than that with contacts on the thinner bark. On the other hand, if the intact bark were resistant to wetting while the exposed bark were not, differences in amount of fluctuation would still be expected. The Reduction of the evaporating power of the air can also be effected by lowering the temperature. This occurs at night and during stormy weather, in the latter case being especially associated with increased atmospheric humidity. Another way in which solar radiation can be cut off, with resulting temperature reduction, is exemplified by a partial solar eclipse around mid-day, which occurred in April, 1930 . This was reflected in a reversal of the diurnal shrinkage among the pine trees. In the redwoods this swelling was less marked.
The intimate relation between shrinkage and evaporating power of the air is further brought out by the performance of the trees during extremely windy weather. Following a 10-day period with considerable rain and cloudy weather in February, 1931, there was a very clear day with a northerly wind at times reaching a velocity estimated at about 35 miles an hour. A general marked increase of diurnal shrinkage, both at Carmel and at Rocky Creek, was recorded on that day. On other windy days during the spring there has been a similar tendency toward exaggerated diurnal shrinkage. In the middle of April, 1931, the graphs of several trees at Carmel showed a maximum diameter about 8 A. Mr. for one prevailingly foggy day, while on the following day the greatest diameter was around 6 A. M. On this second day a pronounced southwest wind came up about 6 A. 1r.
On the other hand, when an easterly wind died down in the middle of the morning at Carmel, this fact -was reflected by a decreased rate of diurnal contraction, or in some cases by an actual increase in diameter. PHILLIPS reproduces two annotated dendrograms showing marked contraction, similar to that just noted, in hardwood trees in South Africa during periods when warm dry winds were blowing (12, pp. 46, 52, Pls. V, XI). SOIL MOISTURE SUPPLY.-From what has already been said, it is obvious that the autumnal shrinkage is concurrent with a very dry condition of the soil, at least on the dune at Carmel. Judging by the low stage of Rocky Creek during the fall of 1930, it seems likely that in the case of the redwoods as well, an inadequate water supply is responsible for the observed shrinkage. Additional evidence of the correlation between soil moisture content and shrinkage is afforded by the performance of the trees in the spring of 1931. During a period of scanty rainfall at this time, shrinkage of the trees upon the dune was observed, while those at the foot of the dune were increasing in diameter. At the end of March the moisture contents of the soil on the dune and at the foot were, respectively, 8 per cent. and 27 per cent., at a depth of 30 cm. By the first of May the moisture in the former had dropped to about 5 per cent. The trees at Rocky Creek, also, exhibited growth during this period. While no soil sampling was done there, it seems reasonable, in view of the physical conditions in this canyon, to assume that these redwood trees were receiving a somewhat plentiful supply of moisture slowly seeping down from the higher elevations of the mountains.
In July, 1920, MAcDouGAL performed an experiment in which water was supplied to a pine tree (7, p. 25) . At the beginning of this month it was noted that the soil was very dry and that growth in this tree had essentially ceased. During a period of four days early in the month, 15,000 liters of water were applied to the soil near the base of the tree. Diametral increase began at once and continued steadily until August 16, the period being without rain. In this case it is obvious that increase in diameter is not attributable in the smallest degree to absorption of water by the bark, from the outside.
The facts just presented lead to the conclusion that there is a very close correlation between the moisture content *of the soil and the seasonal shrinkage observed in Monterey pines and redwoods. The effects, of course, are modified by such atmospheric conditions as air moisture content, air movement, and air temperature.
When desiccation has proceeded so far that there is no longer soil moisture available for making up the transpirational losses, water is apparently drawn from the plant tissues themselves, and the result is the progressive shrinkage which has been observed. Evidently these Monterey pines and redwoods are able to withstand such desiccation without injury. This ability is in rather striking contrast to that of hardwoods accustomed to summer rainfall, which in a rare summer drought were observed to suffer marked leaf loss (HURSH and HAASIS, 4).
PEARSON (11) recorded in 1924 that western yellow pine makes its greatest growth in both height and diameter during the driest month of the year. In this case, however, soil moisture seems adequate; and temperature is, perhaps, the controlling factor.
OTHER FACTORS. 6 , p. 14).
In view of what has just been said, it is well to question BROWN'S inclusive use of the term "growth." It seems that his "growth without cell division" could more properly be referred to as "rehydration," reserving the term "growth" for his "growth with cell division." The extremely cold temperatures which he cites are not experienced in the Carmel region; and such conditions, therefore, cannot afford the explanation for the observed shrinkage here. The question, whether soil desiccation is as important as cold in New York, also cannot be answered without further study.
HALL (3) , working at a latitude of about 350 S, noted that eight de- ciduous trees of four species showed a diametral decrease in May, apparently synchronous with the autumnal leaf fall. Eight evergreens, including one species of pine, did not show this decrease. HALL presents meteorological figures which show that May did not have the lowest mean temperature for the year, and that the precipitation was slightly above the monthly average, the 49-inch (124-cm.) rainfall being distributed rather uniformly throughout the year. In this case, of course, it is possible, as HALL suggests, that there was a definite relation between leaf fall and shrinkage. It can be assumed that the evergreens did not show the shrinkage because the soil moisture content did not become critically low.
Mr. A. D. LINDSAY, of the Australian Commonwealth Bureau of Forestry, has reported, in a conversation, somewhat similar shrinkages (or "decrements") in Monterey pine. These shrinkages appeared at certain seasons of the year in plantation trees, measurements being made monthly. There is no pronounced dry season in the region where these trees are growing, and the shrinkage cannot at present be definitely correlated with environmental conditions.
LOCALIZATION OF SHRINKAGE
In the case of a tree to which two dendrographs are attached, one 6.5 meters higher than the other, it is found that, in general, swelling or shrinkage takes place at about the same time at both heights. Occasionally, however, it happens that one of these instruments will show shrinkage or swell-
